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ABSTRACT We report on laser-diode pumped low-threshold, and compact passively
Q-switched Yb:YAG microchip lasers, with Cr4+:YAG crystals as the saturable ab-
sorbers. The laser threshold at the fundamental wavelength of 1.03 µm is as low as
0.25 W, and the slope efficiency is as high as 36.8%, and the optical-to-optical effi-
ciency is as high as 27% for the 95% initial transmission of the Cr4+:YAG crystal.
A pulse width of 1.35 ns and peak power of over 8.2 kW was obtained. Using a 5 mm
thick KTP crystal as the second-harmonic generation medium, 514.7 nm green light of
155 mW power was generated. The pulse duration of 480 ps was generated at 1.03 µm
by using 85% of the initial transmission of the Cr4+:YAG saturable absorber. Stable
single-longitudinal-mode oscillation and wide-separated multi-longitudinal-mode os-
cillation due to the etalon effect of the Cr4+:YAG thin plate was achieved at different
pump power levels.
PACS 42.55.Sa; 42.55.Xi; 42.60.Gd
1 Introduction
Passively Q-switched solid-
state lasers with high peak powers have
potential use in optical communica-
tions, pollution monitoring, nonlinear
optics, material processing and medical
surgery, nonlinear frequency conver-
sion and so on. Passively Q-switched
solid-state lasers are usually achieved
by using neodymium-doped crystals
as the gain media and Cr4+:YAG [1]
or semiconductor saturable absorber
mirror (SESAM) [2] as the saturable
absorber. Recently, high power laser-
diode pumped Yb:YAG lasers have
been demonstrated [3]. Compared with
Nd:YAG laser material, Yb:YAG crys-
tal has several advantages such as a long
storage lifetime (951 µs) [4], a very
low quantum defect (8.6% with a pump
wavelength of 941 nm and a laser wave-
length of 1030 nm), resulting in three
times less heat generation during las-
ing than comparable Nd-based laser
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systems [5]. Other advantages include
a broad absorption bandwidth and less
sensitivity to diode wavelength specifi-
cations [6], a relatively large emission
cross section [7] suitable for Q-switching
operation, and easy growth of high qual-
ity and moderate concentration crystal
without concentration quenching [8].
Another reason for interest in Yb:
YAG lasers is that the frequency dou-
bled wavelength of 515 nm matches
the highest power line of Ar-ion lasers,
thereby leading to the possibility of an
all solid-state replacement [9]. Com-
pared with SESAM, Cr4+ doped bulk
crystals as the saturable absorber has
several advantages, such as a high dam-
age threshold, low cost, and simpli-
city. A passively Q-switched Yb:YAG
laser with Cr4+:YAG as the saturable
absorber was first demonstrated by
using a Ti:sapphire laser as the pump
source [10]. Passively Q-switched
Yb:YAG microchip lasers with 530 ps
pulse widths have been obtained by
using SESAM [11]. Recently, a laser-
diode pumped Cr,Yb:YAG microchip
laser with a pulse width of 440 ps, and
a peak power of over 53 kW has been
demonstrated [12], however, owing to
co-doping of chromium ions with Yb
into the YAG host, the fluorescence life-
time decreases [13] with an increase of
Cr concentration, and there is strong
absorption (about 60% of that around
1 µm) of the pump power by Cr4+ at
the pump wavelength (around 940 nm)
owing to the broad absorption spec-
trum of Cr4+:YAG from 800 nm to
1300 nm [14, 15]. The absorbed pump
power threshold is high due to the
high intracavity loss induced by the de-
fects occurring on introducing Cr ions
into the Yb:YAG crystal for compact
Cr,Yb:YAG microchip lasers. The pas-
sively Q-switched microchip laser con-
figuration of a sandwiched saturable
absorber between gain medium and out-
put coupler, proposed by Zayhowski et
al. about two decades ago [1], should
be an alternative way to overcome the
pump power absorption loss of Cr4+,
and to achieve highly efficient laser op-
eration with short pulse widths in pas-
sively Q-switched Yb:YAG/Cr4+:YAG
microchip lasers. A short resonator cav-
ity length will permit short pulse op-
eration, separation of the gain medium
and the saturable absorber will eliminate
defects introduced into the Cr,Yb:YAG
crystal. The Cr4+:YAG crystal only acts
as a saturable absorber, and is not an
additional loss to the pump power as oc-
curs in Cr,Yb:YAG crystals.
Frequency doubling of a Q-switched
laser is a convenient method to construct
compact, pulsed sources in the blue-
green region. These devices are of inter-
est in communications, displays, chem-
ical processing, and as pump sources
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for laser materials. Frequency doubling
could be realized by either placing ap-
propriate nonlinear crystals inside or
outside the resonator. Intracavity fre-
quency doubling is a well-developed
way to convert the fundamental wave-
length to green or blue in continuous-
wave (cw) operation or Q-switched
laser operation with different active me-
dia, various saturable absorbers, as well
as different frequency doubling nonlin-
ear crystals [16–19]. Besides the com-
plicated cavity design of intracavity
frequency doubling, long pulse gener-
ation will be a disadvantage for intra-
cavity frequency doubling of passively
Q-switched lasers owing to the long
cavity, caused by placing a frequency
doubling crystal inside the laser cav-
ity. The extracavity frequency doub-
ling has the advantages of simple laser
cavity design, by just placing the fre-
quency doubling crystal near the out-
put coupler of the passively Q-switched
solid-state lasers. Because of the high
peak power generated in the passively
Q-switched Yb:YAG microchip lasers
with Cr4+:YAG as the saturable ab-
sorber, extracavity frequency doubling
will be a better choice than intracavity
frequency doubling. Efficient extracav-
ity frequency doubling generation from
ultraviolet to the visible range has been
reported by using passively Q-switched
Nd:YAG microchip lasers [1, 20–22].
In this paper, we report the experi-
mental investigations of laser-diode
end-pumped low-threshold, compact
passively Q-switched Yb:YAG/Cr4+:
YAG microchip lasers by using different
initial transmissions (T0) of Cr4+:YAG
saturable absorbers. The extracavity
frequency doubling of passively Q-
switched Yb:YAG/Cr4+:YAG lasers
was also investigated. 155 mW green
light at 514.7 nm was generated by
using this passively Q-switched Yb:
YAG/Cr4+:YAG microchip laser with
FIGURE 1 A schematic diagram of a laser-diode pumped passively Q-switched Yb:YAG microchip
laser using a Cr4+:YAG crystal as the saturable absorber. OC, output coupler; SHG, second harmonic
generation; FL, focus lens with 100 mm focal length
T0 = 95% Cr4+:YAG saturable absorber.
The differences between passively Q-
switched Yb:YAG/Cr4+:YAG micro-
chip lasers and monolithic Cr,Yb:YAG
microchip lasers [12] were addressed by
the same pump power level. Owing to
the broad emission spectrum of Yb:YAG
crystal and the etalon effect of the
Cr4+:YAG thin plate inside the cav-
ity, the laser was operated at wide-
separated multi-longitudinal-modes at
a high pump power range. Stable single-
longitudinal-mode oscillation can be
obtained at a low pump power range.
The widely separated multi-longitudinal-
mode oscillation at high pump power
ranges was addressed based on the
asymmetrical broad emission spectrum
of the Yb:YAG crystal and the etalon
effect of the Cr4+:YAG thin plate sand-
wiched between the Yb:YAG crystal
and the output coupler.
2 Experimental setup
The configuration of laser-
diode end-pumped sandwiched pas-
sively Q-switched Yb:YAG microchip
lasers with Cr4+:YAG crystals as sat-
urable absorbers was very simple and
compact. The stability of such sand-
wiched microchip resonators was sup-
ported by the pump-induced thermal
lens, thermal expansion and gain guid-
ing effects. The short cavity length
(1.5 mm) and flexibility of varying the
initial transmission of the saturable ab-
sorber, in order to change the modula-
tion depth of the saturable absorber, al-
lowed for short pulse oscillations below
1 ns during Q-switched laser operation.
Figure 1 shows a schematic diagram of
the experimental setup for a passively
Q-switched Yb:YAG microchip laser
with a Cr4+:YAG as the saturable ab-
sorber. Yb:YAG crystal and Cr4+:YAG
crystals were grown by the traditional
Czochralski method. A plane-parallel,
1 mm thick Yb:YAG crystal was doped
with 10 at. % Yb as the gain medium.
One surface of the crystal was coated
for anti-reflection at 940 nm and total re-
flection at 1.03 µm thus acting as one
cavity mirror. The other surface was
coated for high transmission at 1.03 µm
and total reflection at 940 nm to increase
the absorption efficiency of the pump
power. An additional advantage of this
coating is the fact that the pump beam
does not pass the Cr4+:YAG saturable
absorber, and therefore does not influ-
ence the performance of the Q-switched
regime (Cr4+:YAG also presents ab-
sorption at 940 nm). Three 0.5 mm thick
Cr4+:YAG crystals with different initial
transmissions (T0 = 95, 90 and 85%),
which acted as Q-switches, were sand-
wiched between a Yb:YAG sample and
a plane-parallel output coupler with
20% transmission. The saturated trans-
missions of these three Cr4+:YAG crys-
tals are 99, 97.5 and 96% for T0 = 95,
90 and 85%, respectively. The choice
of 20% transmission of the output cou-
pler is based on the Q-switched laser
theory [23, 24], the higher the transmis-
sion of the output coupler, the higher
the pulse energy. The high transmission
of the output coupler will also reduce
the intracavity laser intensity to avoid
coating damage. Total cavity length was
1.5 mm. A high-power fiber-coupled
940 nm laser diode with a core diameter
of 100 µm and numerical aperture of
0.22 was used as the pump source. Two
lenses of 8 mm focal length were used
to focus the pump beam on the crystals
rear surface and to produce a pump light
footprint in the crystal of about 100 µm
in diameter. About 95% of the pump
power is incident on the Yb:YAG crys-
tal after passing through the coupling
optics. The laser was operated at room
temperature. A 5 mm thick KTP crys-
tal was used as a nonlinear conversion
crystal. The KTP crystal was angle cut
for type II phase matching of 1030 nm
(θ = 90◦, ϕ = 49.9◦), and was polished
to be plane-parallel. Both surfaces of
the KTP crystal were coated with an-
tireflection coatings at both the fun-
damental wavelength (R < 0.2%) and
the second-harmonic wavelength (R <
0.5%). The Q-switched pulse profiles
were recorded by using a fiber-coupled
InGaAs photodiode with a bandwidth
of 16 GHz (the rise time from 10% to
90% is 25 ps), and a 7 GHz Tektronix
DONG et al. Sub-nanosecond passively Q-switched Yb:YAG/Cr4+:YAG sandwiched microchip laser 515
TDS7704B digital phosphor oscillo-
scope. The laser spectrum was analyzed
by using an optical spectrum analyzer.
The laser output beam profile was mon-
itored using a CCD camera both in the
near-field and the far-field of the output
coupler.
3 Results and discussion
Continuous-wave (cw) op-
eration of a 1 mm Yb:YAG microchip
laser was performed ahead of the pas-
sively Q-switched laser experiments.
The laser operates in a TEM00 mode
with multiple (two to six) longitudi-
nal modes. The absorbed pump power
threshold was 240 mW, and the slope ef-
ficiency was over 58%. An output power
of 1.15 W was obtained when the ab-
sorbed pump power was 2.5 W, and
the corresponding optical-to-optical ef-
ficiency was 46%. Passively Q-switched
Yb:YAG/Cr4+:YAG microchip laser
performance was studied first by using
a T0 = 95% Cr4+:YAG crystal as the
saturable absorber. The pump power
threshold is about 0.25 W, and the
average output power as a function of
absorbed pump power was shown in
Fig. 2. Average output power increases
linearly with the absorbed pump power,
and the average output power increases
slowly with the absorbed pump power
when the absorbed pump power is lower
than 1 W the slope efficiency is about
17.7%, while the slope efficiency is
about 36.8% when the absorbed pump
power is higher than 1 W. The change
of the slope efficiency is attributed to
an increase of the laser mode area and
the pump power intensity at high pump
FIGURE 2 Output power of a 1mm thick Yb:YAG microchip laser, and the average output power of
the fundamental laser and second-harmonic-generation as a function of the absorbed pump power, for
a passively Q-switched Yb:YAG microchip laser with a T0 = 95% Cr4+:YAG crystal as the saturable
absorber
power. There was no pump satura-
tion, therefore, the output power can be
scaled with a high pump power. A max-
imum average output power of 676 mW
was obtained when the absorbed pump
power was 2.5 W, corresponding to an
optical-to-optical efficiency of 27%.
The repetition rate increases linearly
from 980 Hz at an absorbed pump power
of 0.25 W to 63 kHz at an absorbed
pump power of 2.5 W. The pulse width
(FWHM) decreases very slowly from
2.3 ns at an absorbed pump power of
0.25 W to 1.35 ns at an absorbed pump
power of 2.5 W. The pulse energy in-
creases very slowly with the absorbed
pump power, from 3 µJ at an absorbed
pump power of 0.25 W to 10.8 µJ at an
absorbed pump power of 2.5 W. The
peak power of the passively Q-switched
Yb:YAG microchip laser increases from
1.1 kW at an absorbed pump power of
0.25 W to 8 kW at an absorbed pump
power of 2.5 W. The output laser trans-
verse intensity profile was close to
TEM00 and was near-diffraction-limited
with an M2 of less than 1.1. Although
the maximum average output power of
23 mW with a pulse width of 2.1 ns
at a repetition rate of 5.5 kHz was ob-
tained at an absorbed pump power of
0.33 W for stable single-longitudinal-
mode oscillation, it should be noted that
stable single-longitudinal-mode oscil-
lation could be obtained by increasing
the pump beam diameter incident on
the laser crystal at higher pump pow-
ers. Extracavity frequency doubling was
performed by focusing the output funda-
mental pulsed laser, at 1030 nm, to the
KTP crystal using a focussing lens with
100 mm focal length. The beam diam-
eter of the fundamental laser incident
on the KTP crystal was measured to be
80 µm, which is the same as the beam
diameter near the output coupler. The
average output power of the second har-
monic generation (SHG) also increases
linearly with absorbed pump power.
The highest average output power of
155 mW at 514.7 nm was achieved, as
shown in Fig. 2. High efficient SHG
should be achieved by optimizing the
length of the KTP crystal and the beam
diameter of the fundamental laser. There
is no observation of the pulse width vari-
ation for the incident fundamental laser
pulses and the green pulses. This may
be due to the low fundamental laser in-
tensity. 2.5 µJ green pulses with pulse
duration of 1.35 ns were obtained at an
absorbed pump power of 2.5 W.
By using low initial transmissions
of Cr4+:YAG crystals, Q-switched laser
pulses with short pulse width and high
peak power were obtained. An average
output power of 190 mW was achieved
by using a T0 = 90% Cr4+:YAG crys-
tal when the absorbed pump power was
1.35 W. There was coating damage oc-
currence with further increase of the
pump power. The coating damage was
caused by the high intracavity inten-
sity and low damage threshold of the
coating, which can be avoided by im-
proving the coating quality. A pulse
energy of 11 µJ with pulse width of
578 ps at a repetition rate of 17.2 kHz
was achieved by using a T0 = 90%
Cr4+:YAG saturable absorber when the
absorbed pump power of 1.35 W was
used without coating damage. The re-
sulting peak power was over 19 kW.
The pulse width of 480 ps was obtained
by using a T0 = 85% Cr4+:YAG sat-
urable absorber with the absorbed pump
power of 1.2 W without coating dam-
age, which is shorter than those obtained
by using SESAM as the saturable ab-
sorber for a passively Q-switched Yb:
YAG microchip laser [11]. In addition,
the Q-switched laser pulses with a pulse
energy of 13 µJ and a peak power over
27 kW, at a repetition rate of 9.2 kHz,
shows that this passively Q-switched
Yb:YAG/ Cr4+:YAG microchip laser,
as a potential compact source for gener-
ating laser pulses with high pulse energy
and high peak power, as compared to
a passively Q-switched Yb:YAG mi-
crochip laser with SESAM as the sat-
urable absorber. Figure 3 shows the
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FIGURE 3 The pulse energy obtained
with three different initial transmissions of
Cr4+:YAG crystals as a function of the ab-
sorbed pump power. The inset shows the
oscilloscope trace of the output pulse with
480 ps pulse width and 13 µJ pulse energy
for T0 = 85% when the absorbed pump
power was 1.2 W, corresponding to a peak
power of 27 kW
comparison of the output pulse energy
for three different initial transmissions
of the Cr4+:YAG crystals as a function
of the absorbed pump power. The oscil-
loscope trace of the output pulse with
a pulse width of 480 ps and a pulse en-
ergy of 13 µJ for a T0 = 85% Cr4+:YAG
saturable absorber is also shown in the
inset of Fig. 3. The pulse energy in-
creases with a decrease of the initial
transmission of the Cr4+:YAG saturable
absorber under the same pump power
level and transmission of the output cou-
pler. The pulse energy should be further
increased by increasing the pump power
if the coating damage problem can be
solved. As the absorption cross section
of the Cr4+:YAG is much larger than the
emission cross section of the Yb:YAG
crystal, the resulting pulse width can be




δ (1 + δ) η
δ− ln (1 + δ)
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, (1)
where tr is the cavity round-trip time,
η is the energy extraction efficiency of
the laser pulse given by the implicit re-





is the ratio of sat-
urable loss, γsat,r, to unsaturable cavity
loss, γpar,r is the round-trip unsaturable
intracavity parasitic loss, and γop is the
output coupling loss. By putting these
experimental data values γop = 0.223,
γpar,r = 0.128, 0.165, and 0.198, γsat,r =
0.105, 0.223 and 0.357 for T0 = 95,
90 and 85%, respectively, into (1), the
pulse widths of this kind of passively
Q-switched Yb:YAG microchip lasers
were estimated to be 650 ps, 330 ps and
220 ps for T0 = 95, 90 and 85%, re-
spectively, which are in fair agreement
with the experimental pulse widths. The
discrepancy between measured pulse
widths and expected pulse widths is at-
tributed to the thermal effects within the
active medium, and some uncertainties
in the determination of unsaturable par-
asitic intracavity loss and saturable loss.
The optical-to-optical efficiency of
passively Q-switched Yb:YAG/Cr4+:
YAG microchip lasers decreases with
a decrease of the initial transmission of
the Cr4+:YAG saturable absorber, how-
ever, the absorbed pump power thresh-
old (0.25, 0.26 , and 0.27 W for T0 = 95,
90 and 85%, respectively) is lower than
that for the Cr,Yb:YAG microchip self-
Q-switched laser (680 mW) under the
same pump conditions. The lower ab-
sorbed pump power thresholds of pas-
sively Q-switched Yb:YAG/Cr4+:YAG
microchip lasers indicate the lower in-
tracavity loss for passively Q-switched
Yb:YAG/Cr4+:YAG microchip lasers,
than that for the Cr,Yb:YAG microchip
laser even though there is optical loss
introduced by the mechanical contacts
among the gain medium, saturable ab-
sorber, and the output coupler. How-
ever, the pulse width of 578 ps by using
a 90% initial transmission is longer
than the pulse width of 440 ps ob-
tained in the Cr,Yb:YAG microchip
laser [12]. The pulse energy of 11 µJ
and peak power of 19 kW is lower
than that obtained in the Cr,Yb:YAG
microchip laser under the same pump
condition (i.e. at an absorbed pump
power of 1.35 W). The pulse width
discrepancy between these two lasers
with 90% initial transmission of the
Cr4+:YAG was attributed to the differ-
ence of the laser cavity length (1.5 mm
for Yb:YAG/Cr4+:YAG laser, 1 mm
for Cr,Yb:YAG microchip laser). The
higher repetition rate of Yb:YAG/Cr4+:
YAG microchip laser (17.2 kHz) on
comparing to the Cr,Yb:YAG microchip
laser (5 kHz) under the same pump con-
ditions, (e.g. at absorbed pump power
of 1.35 W) was caused by a higher
pump rate (the ratio of absorbed pump
power to absorbed pump power thresh-
old) of 5.2 for the Yb:YAG/Cr4+:YAG
microchip laser than that of 2.0 for
the Cr,Yb:YAG microchip laser. The
pulse energy difference between the two
lasers was attributed to the difference
of the initial inversion populations; the
higher the initial inversion population,
the higher the output pulse energy as
indicated in [23]. The initial inversion
population is proportional to the in-
tracavity loss of passively Q-switched
lasers for the same initial transmission
of the saturable absorber and output
coupling. The higher absorbed pump
power threshold for the Cr,Yb:YAG mi-
crochip laser means a higher intracav-
ity loss even with 15% transmission
of the output coupler. Therefore, the
high pulse energy was obtained in the
Cr,Yb:YAG microchip laser at lower
pump rates when comparing the low
pulse energy at high pump rates for the
Yb:YAG/Cr4+:YAG sandwiched mi-
crochip lasers. The low intracavity loss
of the Yb:YAG/Cr4+:YAG sandwiched
microchip lasers can be fully used to
obtain a high pulse energy output by
a decrease of the initial transmission of
the Cr4+:YAG saturable absorber. The
output pulse energy of the passively
Q-switched Yb:YAG microchip lasers
with Cr4+:YAG as the saturable ab-
sorber can be improved by using optical
bonding technology or composite ce-
ramic technology [25], to further reduce
the optical loss introduced by the me-
chanical contacts, and by using the low
initial transmission of the Cr4+:YAG
saturable absorber to increase the initial
inversion population.
Laser spectra indicated that this pas-
sively Q-switched Yb:YAG/Cr4+:YAG
microchip laser can oscillate in single-
longitudinal-mode oscillation and multi-
longitudinal-mode oscillation depend-
ing on the pump power level. Figure 4
shows the laser spectra of passively
Q-switched Yb:YAG microchip lasers
with a T0 = 95% Cr4+:YAG as the sat-
urable absorber. Single-longitudinal-
mode oscillation at 1029.4 nm was ob-
tained when the absorbed pump power
was kept below 0.3 W. Multi-longitudi-
nal-mode oscillation dominated at high
pump power regimes. The separation
between each mode was measured to
be 0.58 nm, which is three times wider
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FIGURE 4 Laser spectra of a passively
Q-switched Yb:YAG with T0 = 95%
Cr4+:YAG as the saturable absorber at
different absorbed pump powers. The
resolution of the optical spectral analyzer
is 0.05 nm
than the separation between the longi-
tudinal modes (0.194 nm) in the laser
cavity filled with the gain medium pre-
dicted by [26] ∆λc = λ2/2Lc, where Lc
is the optical length of the resonator,
and λ is the laser wavelength. The cause
of the wide separation between each
mode is attributed to the Cr4+:YAG thin
plate which acts as an intracavity titled
etalon to select longitudinal modes [26].
Figure 5 shows the output longitudinal
modes selected by the Cr4+:YAG thin
plate etalon in the passively Q-switched
Yb:YAG/Cr4+:YAG microchip laser.
Owing to the broad emission spec-
trum of the Yb:YAG around 1.03 µm,
many longitudinal modes can be ex-
cited even for a 1 mm thick Yb:YAG
crystal. Microchip cw Yb:YAG lasers
operate in a multi-longitudinal-mode
over the whole pump power region [27].
Figure 5a shows the gain profile of
the Yb:YAG crystal and the resonant
modes determined by the cavity length.
Figure 5b shows the transmission of the
etalon as a function of wavelength with
different reflectivity of the Cr4+:YAG
etalon, the difference between two ad-
jacent maximum transmissions of the
etalon is given by ∆λ = λ2/2nd, where
d is the thickness of the Cr4+:YAG.
FIGURE 5 Laser mode selection mech-
anism of a passively Q-switched Yb:
YAG/Cr4+:YAG microchip laser with
Cr4+:YAG as an intracavity etalon.
(a) Gain profile of the Yb:YAG crys-
tal and resonant modes determined by
the cavity length. (b) Transmission of
Cr4+:YAG thin plate as a function of
laser wavelength with different reflectiv-
ities of the Cr4+:YAG thin plate. (c) Pos-
sible output laser spectra selected by
Cr4+:YAG etalon
The peak transmission of the etalon
strongly depends on the reflectivity of
the etalon, the higher the reflectivity, the
narrower the transmission bandwidth.
The desired oscillating resonant modes
can be selected by using a high reflec-
tivity Cr4+:YAG etalon or a high con-
centration, thin Cr4+:YAG plate. For
a 0.5 mm thick Cr4+:YAG thin plate,
because the ratio of cavity length to
the thickness of Cr4+:YAG thin plate
is an integer, the resonant modes co-
inciding with the peak transmission of
the Cr4+:YAG thin plate will oscillate
and other resonant modes will be sup-
pressed to oscillate, therefore, the sep-
aration between the output laser modes
is determined by the free spectral range
of the Cr4+:YAG etalon to be 0.58 nm
(Fig. 5c). Of course, the possible os-
cillating laser modes are governed by
the gain profile (Fig. 5a) and the non-
linear mode coupling effect between the
possible output modes. Stable single-
longitudinal-mode oscillation can be
achieved by using a thinner Cr4+:YAG
plate with a high Cr4+ concentration
at a high pump power range, based on
the above observed results and theoret-
ical predictions. The linewidth of each
mode was less than 0.05 nm, limited
by the resolution of the optical spec-
tra analyzer. The central wavelength
of 1029.4 nm shifts to a longer wave-
length, which is caused by the tempera-
ture dependent emission spectrum of the
Yb:YAG crystal [7]. The relative inten-
sity of each mode changes with pump
power, which has effect on the fluctua-
tion of the output pulse trains. The fluc-
tuation of the output pulse trains is also
caused by the cross-saturation mech-
anism, due to the strong spatial hole
burning effect in the Yb:YAG to couple
the longitudinal modes via population
gratings and nonlinear absorption of the
Cr4+:YAG saturable absorber [28].
4 Conclusions
In conclusion, passively Q-
switched Yb:YAG microchip lasers with
different Cr4+:YAG crystals as the sat-
urable absorbers, have been investigated
by adopting a sandwiched configura-
tion for the first time. Slope efficiency
of 36.8% and optical-to-optical effi-
ciency of 27% at the fundamental wave-
length of 1.03 µm have been obtained
by using 95% of the initial transmission
of the Cr4+:YAG saturable absorber.
155 mW green light has been generated
by this microchip passively Q-switched
Yb:YAG/Cr4+:YAG laser. Laser pulses
with 480 ps pulse duration and 13 µJ
pulse energy at 1.03 µm have been
demonstrated by using 85% of the initial
transmission of the Cr4+:YAG saturable
absorber, whereby a peak power of over
27 kW was obtained. There is a trade-
off between the efficiency, pulse width,
pulse energy and the threshold. The best
compromise among them can be cho-
sen depending on the applications of the
laser. The lower intracavity loss of pas-
sively Q-switched Yb:YAG/Cr4+:YAG
sandwiched microchip lasers can be
fully exploited to achieve a high output
pulse energy by decreasing the initial
transmission of the Cr4+:YAG saturable
absorber. Cr4+:YAG thin plate also acts
as an etalon for selecting longitudinal
modes. Single-longitudinal mode, and
wide-separated (∆λ = 0.58 nm) multi-
longitudinal mode oscillation were ob-
tained, depending on the pump power
level. Stable single-longitudinal-mode
oscillation could be obtained by choos-
ing a thinner Cr4+:YAG plate with
a high Cr4+ concentration in passively
Q-switched Yb:YAG/Cr4+:YAG mi-
518 Applied Physics B – Lasers and Optics
crochip lasers, and by increasing the
pump beam diameter at high pump
powers.
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